The role of the neuropeptide calcitonin gene-related peptide (CGRP) is well established in nociceptive behaviors. CGRP is highly expressed in the projection pathway from the parabrachial nucleus to the laterocapsular region of the central amygdala (CeC), which plays a critical role in relaying nociceptive information. The CeC is a key structure in pain behavior because it integrates and modulates nociceptive information along with other sensory signals. Previous studies have demonstrated that blockade of the amygdalar CGRP-signaling cascade attenuates nociceptive behaviors in pain models, while CGRP application facilitates amygdalar synaptic transmission and induces pain behaviors. Despite these lines of evidence, it remains unclear whether endogenous CGRP is involved in the development of nociceptive behaviors accompanied with amygdalar plasticity in a peripheral inflammation model in vivo. To directly address this, we utilized a previously generated CGRP knockout (KO) mouse to longitudinally study formalin-induced plasticity and nociceptive behavior. We found that synaptic potentiation in the right PB-CeC pathway that was observed in wild-type mice was drastically attenuated in the CGRP KO mice 6 h post-inflammation, when acute nociceptive behavior was no longer observed. Furthermore, the bilateral tactile allodynia 6 h post-inflammation was significantly decreased in the CGRP KO mice. In contrast, the acute nociceptive behavior immediately after the formalin injection was reduced only at 20-25 min post-injection in the CGRP KO mice. These results suggest that endogenous CGRP contributes to peripheral inflammation-induced synaptic plasticity in the amygdala, and this plasticity may underlie the exaggerated nociception-emotion linkage in pain chronification.
Introduction
The amygdala plays key roles not only in aversive learning and memory (Davis, 1992; Fanselow & LeDoux, 1999; Johansen et al., 2011) but also in nociceptive information processing (Neugebauer et al., 2004 . The laterocapsular subdivision of the central amygdala (CeC) is termed the 'nociceptive amygdala' because a large number of CeC neurons respond preferentially or exclusively to noxious stimuli (Bernard et al., 1992; . The CeC receives excitatory inputs from the external part of the pontine lateral parabrachial (PB) nucleus, which is a major target of nociceptive neurons in the superficial layers of the dorsal horn and trigeminal nucleus (Bernard & Besson, 1990; Bernard et al., 1995; Jasmin et al., 1997; Sarhan et al., 2005; Al-Khater & Todd, 2009; Han et al., 2015; Sato et al., 2015) , through the spino-parabrachialamygdaloid pain pathway (Todd, 2010) . CeC neurons also receive excitatory inputs from the lateral and basolateral amygdala. These inputs convey highly processed polymodal sensory information, including pain, from thalamic and/or cortical regions (Sah et al., 2003; Pare et al., 2004) . This duplex organization results in painrelated and sensory information convergence at the CeC, which makes the CeC a modulatory locus of the nociception-emotion linkage. Intriguingly, PB-CeC synapses exhibit long-term potentiation following the establishment of various forms of inflammatory and neuropathic pain models as well as threat learning (Ikeda et al., 2007; Fu et al., 2008; Nakao et al., 2012; Watabe et al., 2013; Sugimura et al., 2016) . Therefore, synaptic plasticity in the PB-CeC pathway might be involved in affective aspects of pain. However, the molecular mechanisms of this potentiation and the physiological consequences are not clear.
Calcitonin gene-related peptide (CGRP) is a 37-amino acid peptide that activates adenylyl cyclase and protein kinase A (PKA) through G-protein-coupled receptors, including the CGRP1 receptor (Van Rossum et al., 1997; Poyner & Marshall, 2001 ). CGRP consists of two isoforms, aCGRP and bCGRP, which are encoded by separate genes (Russell et al., 2014) . aCGRP is widely expressed in the peripheral and central nervous systems, while bCGRP is limited to enteric neurons (Mulderry et al., 1985) . While the role of CGRP in peripheral tissues during inflammatory processes is well established in normal animals (Oku et al., 1987; Nakamura-Craig & Gill, 1991; Saxen et al., 1993; Sun et al., 2004) and in pain models (Kuraishi et al., 1988; Kawamura et al., 1989; Yu et al., 1996; Hirsch et al., 2013) , little is known about its role in the central nervous system. CGRP is highly expressed in the PB-CeC pathway (Dong et al., 2010) , and the CeC is one of the brain areas with the highest levels of CGRP receptors (Oliver et al., 1998) . Indeed, selective CGRP receptor antagonists in the amygdala attenuate painrelated behaviors and synaptic potentiation in the PB-CeC pathway in slices acutely prepared from arthritic rats , suggesting that endogenous CGRP plays a key role in PB-CeC synaptic potentiation in arthritic rats. Furthermore, the application of exogenous CGRP potentiates PB-CeC synaptic transmission in brain slices from na€ ıve animals (Han et al., 2010) . In addition, aCGRP knockout (KO) mice have been utilized to examine the role of endogenous CGRP in pain models in vivo (Salmon et al., 1999 (Salmon et al., , 2001 Zhang et al., 2001; Ishida et al., 2014) .
Despite this evidence, it remains unclear whether endogenous CGRP is involved in the development of nociceptive behaviors accompanied with amygdalar plasticity in peripheral inflammation model in vivo. In this study, we examined this issue using genetically manipulated mice. Here, we utilized previously developed KO mice in which aCGRP but not calcitonin was depleted (Oh-hashi et al., 2001; Ishida et al., 2014) to analyze synaptic transmission in the PB-CeC pathway and pain behaviors longitudinally following the intraplantar injection of formalin into the left hind paw. We found that endogenous CGRP was essential in PB-CeC synaptic potentiation and in the development of hyperalgesic behavioral responses observed 6 h after formalin injection. These results suggest that endogenous CGRP contributes to peripheral inflammationinduced plasticity in the amygdala, and this plasticity may underlie the exaggerated nociception-emotion linkage in pain chronification.
Materials and methods
The manipulation of the animals was approved by the Institutional Animal Care and Use Committee of Jikei University and conformed to the Guidelines for Proper Conduct of Animal Experiments of the Science Council of Japan (2006) and the guidelines of the International Association for the Study of Pain (Zimmermann, 1983) .
Animals
aCGRP KO mice with genetic background of 129SV 9 C57BL/6 hybrid and backcrossed to C57/BL6 mice and their wild-type (WT) littermate controls (either sex, 4-10 weeks old, 16 CGRP WT mice [male = 8, female = 8], and 15 CGRP KO mice [male = 8, female = 7]) (Oh-hashi et al., 2001) were used in this study. The CGRP KO mice were healthy, showed normal behavior, and had no visible phenotypes that differed from the WT mice (Toda et al., 2008) . The mice were group-housed under a 12-h light/dark cycle and were provided food and water ad libitum. All experiments were performed in a manner blinded to the mouse genotypes during the experiments according to a previously presorted standard protocol .
Inflammatory pain model
After the mice were acclimated to the observation chamber for about 20 min, inflammation was induced by injecting 20 lL of 5% formalin (37% formaldehyde solution diluted in saline solution) or saline solution (0.9%) into the intraplantar surface of the left hind paw with a microsyringe with a 30-gauge needle (Tjølsen et al., 1992; Adedoyin et al., 2010) . Each mouse was returned immediately to the observation chamber, and the recording of spontaneous behavior was then started with a web camera (HD Webcam C525; Logicool, Tokyo, Japan). The time spent performing nociceptive behavior, which was defined by licking the injected paw, was measured with a handheld stopwatch for 5-min intervals up to 1 h after the injection.
von Frey filament test
The paw withdrawal threshold to mechanical stimuli was evaluated according to a previously reported method (Ikeda et al., 2007) by well-trained experimenters who were blinded to phenotype. Mechanical stimuli were applied with von Frey filaments (North Coast Medical, Gilroy, CA, USA) with different rigidities (0.02-2.0 g). Each mouse was placed on a metal mesh floor (25 cm 9 25 cm), and they were allowed to habituate in a 500-mL glass beaker that was placed upside down for 30 min prior to the experiments. A von Frey filament was applied manually from beneath, and the 50% threshold was estimated with the up-and-down method (Chaplan et al., 1994) . Care was taken to reduce the number of trials conducted to avoid inflicting unnecessary pain to the animals. Mechanical allodynia was evaluated in the same animals prior to the intraplantar injection and 6 h after the injection. 'Sensitization index' was defined as follows: paw withdrawal threshold at preinjection divided by that at 6 h post-injection for each of the hind limbs. Because paw withdrawal threshold decreases as the tactile hypersensitization becomes severe, this sensitization index becomes larger when the tactile hypersensitization progresses compared to the pre-injection state.
Preparation of the transverse brain slices
Immediately after conducting the final von Frey filament test 6 h after the injection, the mice were first perfused transcardially with ice-cold cutting solution under isoflurane anesthesia (5% in 100% O 2 ) and then killed. The brain was then removed, and a block of the forebrain containing the amygdala was dissected out and cut at the midline in ice-cold cutting solution that was composed of the following (in mM): 2.5 KCl, 0.5 CaCl 2 , 10 MgSO 4 , 1.25 NaH 2 PO 4 , 2 thiourea, 3 sodium pyruvate, 93 N-methyl-D-glucamine, 20 HEPES, 12 N-acetyl-L-cysteine, 25 D-glucose, 5 L-ascorbic acid, and 30 NaHCO 3 . The solution was equilibrated with 95% O 2 + 5% CO 2 (osmolality,~290 mOsm/kg). The pH of the solution was titrated to 7.1-7.5 with concentrated HCl. The dissected hemisphere was embedded immediately in a 37°C agarose solution (1.6%; Sigma-Aldrich, St. Louis, MO, USA) that was solidified by immediately cooling it by covering it with ice-cold cutting solution. The dissected right hemisphere containing the amygdala was secured on the cutting stage of a vibrating blade slicer (DSK-1000; Dosaka EM, Kyoto, Japan) with the rostral end upwards, and 400-lm-thick coronal slices containing the amygdala were prepared. Previous lines of evidence have demonstrated that pain-related neuroplasticity occurs only in the right CeC (Carrasquillo & Gereau, 2007; Ji & Neugebauer, 2009) and that activation of the right amygdala is critical for the development of pain sensitization (Kolber et al., 2010; Crock et al., 2012) . Therefore, we examined the right hemisphere in this study. The slices were first incubated in a holding chamber with a constant flow of the cutting solution at 34°C for 10-15 min. The slices were kept at room temperature (20-25°C) in standard artificial cerebrospinal fluid (ACSF) that was composed of (in mM) 125 NaCl, 3 KCl, 2 CaCl 2 , 1.3 MgCl 2 , 1.25 NaH 2 PO 4 , 10 D-glucose, 0.4 L-ascorbic acid, and 25 NaHCO 3 (pH 7.4, bubbled with 95% O 2 + 5% CO 2 ; osmolarity, 310 mOsm/kg) until the electrophysiological recordings. Each slice was transferred to a recording chamber (~0.4-mL volume) and fixed with nylon grids to a platinum frame. The slice was submerged in and continuously superfused with standard ACSF at a rate of 1-2 mL/min. To isolate excitatory synaptic inputs, 100 lM of picrotoxin (Sigma-Aldrich) was dissolved in ACSF.
Patch-clamp recordings
CeC neurons were visually identified under an upright microscope (BX-50WI; Olympus, Tokyo, Japan) with oblique illumination optics. The images were captured with a charge-coupled device camera (IR-1000; Dage-MTI, Michigan City, IN, USA) and stored digitally on a computer. The whole-cell transmembrane current was recorded from neurons in the right CeC (i.e., contralateral to the injection). The patch-clamp electrodes were made from borosilicate glass pipettes (1B120F-4; World Precision Instruments, Sarasota, FL, USA). The composition of the internal solution was (in mM) 120 potassium gluconate, 6 NaCl, 1 CaCl 2 , 2 MgCl 2 , 2 ATPMg, 0.5 GTPNa, 12 phosphocreatine Na 2 , 5 EGTA, and 10 HEPES hemisodium (pH 7.2, adjusted with KOH; osmolarity,~310 mOsm/kg). The tip resistance of the electrodes was 3-8 MO. The evoked excitatory postsynaptic currents (eEPSCs) were recorded at a holding potential of À60 mV. Input resistance, resting membrane potential, and whole-cell capacitance were measured immediately after the establishment of the whole-cell mode by membrane rupture. The membrane currents were recorded with an Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA, USA), low-pass filtered at 2 kHz, and sampled at 10 kHz with a PowerLab interface (ADInstruments, Colorado Springs, CO, USA). To analyze the type of glutamate receptors involved, 50 lM of D(À)-2-amino-5-phosphonopentanoic acid (APV; a NMDA receptor antagonist) was dissolved in ACSF and bath-applied for more than 10 min. All recordings were made at room temperature (20-25°C). All compounds, except those noted above, were purchased from Sigma-Aldrich or Nacalai Tesque (Kyoto, Japan).
Afferent pathway stimulation
To trigger action potential-dependent glutamate release from the afferent fibers arising from the PB under microscopic control, we carefully located the custom-designed bipolar parallel stimulation electrodes (TOG211-039a, Unique Medical, Tokyo, Japan) on the fiber tract dorsomedial to the CeC (PB tract), as described previously (Watabe et al., 2013) . This configuration enabled us to preferentially evoke EPSCs arising from PB tract fibers in CeC. To calculate the paired-pulse ratio (PPR) of the EPSCs as a measure of the changes in the presynaptic release properties (McKernan & Shinnick-Gallagher, 1997) , two pulses with an interstimulus interval of 100 ms evoked by 1-mA stimulation were delivered. The PPR was expressed as the second EPSC (EPSC2) amplitude that was normalized by the first EPSC (EPSC1) amplitude. The coefficient of variation of synaptic currents was calculated as the standard deviation of EPSC1 amplitude normalized by the mean EPSC1 amplitude (Manabe et al., 1993) for eight consecutive EPSC responses.
Data and statistical analysis
The recorded membrane current was analyzed offline with Igor Pro 6 (WaveMetrics, Lake Oswego, OR, USA) with programs written by F. K. The peak amplitude was measured based on the averaged waveform of the EPSCs (eight consecutive trials). The values are expressed as the mean AE standard error of the mean. Differences in the values were compared with a one-way analysis of variance (ANOVA) followed by a post hoc Gabriel's test, Mann-Whitney Utest with appropriate Bonferroni's correction, Student's t-test, or paired t-test. Differences with probability (P) less than 0.05 were considered significant. Correlation analysis was performed with Spearman's rank-order correlation.
Results
Formalin-injected WT mice, but not CGRP KO mice, showed increased EPSC amplitude of the PB-CeC pathway Previously, we demonstrated that excitatory synaptic transmission at PB-CeC synapses is potentiated in chronic pain models (Ikeda et al., 2007; Nakao et al., 2012; Sugimura et al., 2016) . Previous reports have also shown that CGRP plays a key role in nociceptive transmission from the PB to the amygdala (Han et al., , 2010 . Thus, we examined the effects of endogenous CGRP on evoked EPSCs in the PB-CeC synapses that were recorded at a holding potential of À60 mV in the presence of 100 lM of picrotoxin in formalin-induced inflammatory pain models using CGRP KO mice. Sixteen CGRP WT mice were divided into formalin-and salineinjected groups (CGRP WT [formalin], n = 11; CGRP WT [saline], n = 5), and 15 CGRP KO mice were divided into formalin-and saline-injected groups (CGRP KO [formalin], n = 10; CGRP KO [saline], n = 5). Six hours after the formalin or saline injection into the left hind paw, brain slices containing the amygdala were prepared for the electrophysiological recordings. We recorded 61 neurons in the CeC under visual guidance (Fig. 1A) . The ease with which good-quality whole-cell recordings were obtained from neurons did not differ between the groups. No significant differences were observed in the resting membrane potential, input resistance, wholecell capacitance, or threshold membrane potential for action potential generation between neurons in the CGRP WT (formalin; n = 19 neurons), CGRP KO (formalin; n = 18 neurons), CGRP WT (saline; n = 11 neurons), and CGRP KO (saline; n = 13 neurons) mice (Table 1 ). Figure 1B shows representative traces of EPSCs evoked in the PB-CeC pathway with increasing stimulus intensities in CeC neurons from the formalin-(top) and saline-treated (bottom) mice. When the stimulation intensity was gradually increased in a stepwise manner, PB tract stimulation resulted in EPSCs with larger amplitude in the CeC in the CGRP WT (formalin) mice (thick dashed traces) compared with the CGRP KO (formalin) mice (thick solid traces; Fig. 1B top) . The EPSC amplitude in the CGRP WT (formalin) mice was also larger than that in the CeC in the CGRP WT (saline) mice (thin dashed traces) and CGRP KO (saline) mice (thin solid traces; Fig. 1B bottom) . Figure 1C indicates the relationship between the intensity of the PB stimulation and the EPSC amplitude. At a 400-lA stimulus intensity, the PB-CeC EPSC amplitude was significantly larger in the CGRP WT (formalin) mice (open circles) than in the saline-treated groups (Fig. 1C ; The top and bottom traces, recordings from mice injected with formalin (thick traces) and saline (thin traces), respectively, and the traces in dashed and solid lines are those from the CGRP WT and KO mice, respectively. (C) Relationship between stimulation intensity (abscissa) and evoked EPSC amplitude (ordinate). The open and filled markers indicate the values of neurons in the CeC of the CGRP WT and KO mice, respectively. The circles, after formalin injection (CGRP WT, n = 19 neurons from 11 mice; CGRP KO, n = 18 neurons from 10 mice); the triangles, saline treated (CGRP WT, n = 11 neurons from five mice; CGRP KO, n = 13 neurons from five mice). Mean AE standard error of the mean (SEM). ***P < 0.001 and **P < 0.01 (vs. CGRP KO [formalin]); ### P < 0.001, ## P < 0.01, and # P < 0.05 (vs. CGRP WT [saline]); † † † P < 0.001 and † † P < 0.01 (vs. CGRP KO [saline]), ANOVA followed by post hoc Gabriel's test. Numbers in parentheses indicate the number of neurons. CGRP, calcitonin gene-related peptide; WT, wildtype; KO, knockout. , P < 0.001, ANOVA followed by post hoc Gabriel's test). There were no significant differences between the CGRP KO (formalin) mice and the CGRP WT (saline) mice and CGRP KO (saline) mice. We failed to observe significant difference in EPSC amplitude at 50-200 lA stimulation intensity between CGRP WT and KO groups receiving formalin injection.
Because the afferent stimulation in this range gave rise to only small EPSC responses, which are likely to be composed of 1-2 released vesicles (amplitude smaller than 20 pA; Fig. 1B and C), it is likely that the stimulation electrode used in this study recruited only a few fibers with small intensity range, which was insufficient to cause significant EPSC amplitude difference especially when the potentiation is likely to result from changes in release properties. These results strongly indicated that endogenous CGRP was required for formalin-induced synaptic potentiation in PB-CeC synapses. We previously showed that the synaptic potentiation at PB-CeC synapses was not attributable to the potentiation of the NMDA component in neuropathic pain models (Ikeda et al., 2007) . Therefore, we next examined whether the potentiated PB-CeC EPSCs involved the NMDA receptor component in the formalin-treated CGRP WT mice. The application of APV (50 lM) did not significantly affect the amplitude of the PB-CeC EPSCs in the CeC in the CGRP WT (formalin) mice (CGRP WT [formalin] APV-, 115.3 AE 11.2 pA, n = 5; CGRP WT [formalin] APV+, 100.6 AE 6.7 pA, n = 5, P = 0.203, paired t-test). The EPSC amplitude of the neurons in the CeC in the CGRP WT (formalin) mice was markedly larger than that in the CGRP WT (saline) mice, not only in the absence of APV (F 2,18 = 14.402, P < 0.001; CGRP WT [formalin] APV-, 115.3 AE 11.2 pA, n = 5; CGRP WT [saline], 58.4 AE 6.7 pA, n = 11, P < 0.001, ANOVA followed by post hoc Gabriel's test) but also in the presence of APV (F 2,18 = 14.402, P < 0.001; CGRP WT [formalin] APV+, 100.6 AE 6.7 pA, n = 5; CGRP WT [saline], 58.4 AE 6.7 pA, n = 11, P = 0.005, ANOVA followed by post hoc Gabriel's test). These data indicated that the increased EPSC amplitude in PB-CeC synaptic transmission in the formalin-injected CGRP WT mice did not involve the NMDA receptor component.
Presynaptic changes in release probabilities accompanied with the PB-CeC synaptic potentiation
We previously reported that changes in the PPR, which is a parameter affected by changes in the release probabilities in presynaptic terminals (Xu-Friedman & Regehr, 2000) , did not accompany PB-CeC synaptic potentiation in neuropathic pain models. This result suggested that presynaptic release probabilities did not play a principal role in the neuropathic pain (Ikeda et al., 2007) . To investigate whether synaptic potentiation in the inflammatory pain model involved changes in release probabilities, we examined PPR in this study. PB tract stimulation, which was delivered twice with an interval of 100 ms, induced paired-pulse facilitation in CGRP WT mice (left in Fig. 2A ) and CGRP KO mice (right in Fig. 2A ). In the CGRP WT (formalin) mice, the PPR, which was expressed as EPSC2/EPSC1, decreased significantly compared with the PPR in the CGRP WT (saline) mice ( Fig. 2B left; P = 0.023, Student's t-test). In contrast, the PPR did not significantly differ between the CGRP KO (formalin) mice and CGRP KO (saline) mice ( Fig. 2B right; P = 0.063, Student's t-test). These results suggest that changes in presynaptic release probabilities accompany the synaptic potentiation observed in the CGRP WT mice. To further identify the origin of increase in the EPSC amplitude, we next analyzed the coefficient of variation (CV) of synaptic currents in CGRP WT mice (left panel in Fig. 2C ) and CGRP KO mice (right panel in Fig. 2C ). CV has been used as an index of presynaptic processes which reflects the trial-to-trial variations in the combination of multiple release sites activated by each stimulation on an assumption that a portion of these sites successfully releases transmitters. CV decreases when the release probability from the terminals of these fibers and/or the number of release sites is increased, both of which result from presynaptic changes (Bekkers & Stevens, 1990; Manabe et al., 1993) . CV of EPSC1 amplitude was significantly smaller in the CGRP WT (formalin) mice than that in the CGRP WT (saline) mice (left in Fig. 2D ; P = 0.002, Mann-Whitney U-test). In contrast, CV did not significantly differ between CGRP KO (formalin) mice and CGRP KO (saline) mice (right panel in Fig. 2D ; P = 0.161, Mann-Whitney U-test). These results of the analysis of CV of synaptic currents further suggest that the synaptic potentiation observed in the CGRP WT mice was presynaptically expressed.
Acute nociceptive behavior was reduced only during the early part of the second phase of the post-formalin injection period in the CGRP KO mice
The above results suggest that CGRP is necessary for the potentiation in the EPSC amplitude in the CeC following formalin injection. A possible hypothesis to account for this reduced synaptic potentiation in the CeC in the CGRP KO animals is that the acute effect of formalin in producing peripheral inflammation was smaller in the CGRP KO mice, which simply resulted in reduced CeC potentiation. Therefore, we analyzed the licking behaviors appearing immediately after the formalin injection in the animals used for the above electrophysiological experiments. In agreement with the previous reports, formalin, but not saline, injection produced biphasic nocifensive behaviors which last for 60 min in the CGRP WT mice Therefore, we divided the second phase into two phases: the early (early second phase; 20-30 min post-injection) and later part of the second phase (late second phase; 30-60 min post-injection). The formalin-induced acute nociceptive behaviors were significantly attenuated in the CGRP KO mice during the early second phase compared with the CGRP WT mice ( Fig. 3B ; CGRP WT [formalin] vs. CGRP KO [formalin], P < 0.05, Mann-Whitney U-test with appropriate Bonferroni's correction), but the levels of these formalin-induced nocifensive behaviors were indistinguishable between the CGRP WT mice and CGRP KO mice during the first phase (0-5 min post-injection) ( Fig. 3B ; CGRP WT [formalin] vs. CGRP KO [formalin], P > 0.05, Mann-Whitney U-test with appropriate Bonferroni's correction) and the late second phase ( Fig. 3B ; CGRP WT [formalin] vs. CGRP KO [formalin], P > 0.05, Mann-Whitney Utest with appropriate Bonferroni's correction). These results suggest that CGRP may contribute to formalin-induced acute behavioral responses only during this limited period of the phase (early second phase). If the attenuated synaptic potentiation measured in CGRP KO mice in slices prepared at 6 h post-formalin was a consequence of the reduced acute nocifensive behaviors appearing within this early second phase in these mice, it is expected that the mice showing stronger acute response to the formalin would also show stronger synaptic potentiation. To directly confirm this hypothesis, we analyzed the correlation between the mean EPSC amplitude in slices prepared at 6 h and the total value of the licking behavior in each mouse observed within the early second phase (20-30 min postinjection) (Fig. 3C ). Although the CGRP WT mice showed significantly larger EPSC amplitude and longer licking time than in the CGRP KO mice as shown above, they were not significantly correlated. This result supports a notion that the attenuated synaptic potentiation in CGRP KO mice (Fig. 1) is not a simple result of reduced nociception in the early second phase. It is more likely that CGRP plays a specific role in potentiating the PB-CeC transmission.
Bilateral tactile allodynia was established 6 h after the formalin injection in the WT mice but not in the CGRP KO mice
Previous studies have demonstrated that CGRP-mediated synaptic plasticity in the CeC is accompanied by changes in spinal reflex in both naive and pain model animals (Han et al., , 2010 . Therefore, we next examined whether endogenous CGRP affected hypersensitivity in the formalin-induced inflammatory pain models. The paw withdrawal threshold was measured with von Frey filaments prior to the formalin injection (pre-) and immediately before decapitation (6 h post-injection; 6 h). Bilateral paw withdrawal thresholds were not influenced by intraplantar saline injection, and there was no significant difference between pre-and 6 h post-injection in either CGRP WT mice ( Fig. 4A left U-test). In contrast, the paw withdrawal threshold in CGRP WT mice differed significantly between pre-and 6 h post-injection in both the left (i.e., ipsilateral to the injection) and right hind paw (i.e., contralateral to the injection) following formalin injection ( Fig. 4B left panel; right, P = 0.004; left, P < 0.001, Mann-Whitney U-test). The degree of decrease in the paw withdrawal threshold at 6 h post-formalin was significantly smaller in CGRP KO mice ( Fig. 4B right panel; right, P = 0.777; left, P = 0.535, Mann-Whitney U-test).
The decrease in the paw withdrawal threshold at 6 h post-formalin would represent expression of sensitization resulting from peripheral/ central (in the limb ipsilateral to the inflammation) or central (in the limb contralateral to the inflammation) mechanisms. To directly evaluate the changes in the paw withdrawal threshold after intraplantar injection of saline or formalin solution, we examined 'sensitization index' for bilateral hind limbs and compared the values between WT and KO mice. The sensitization index in both hind paws did not differ significantly between CGRP WT and CGRP KO mice following the saline injection ( Fig. 4C left panel; right, P = 0.332; left, P = 0.402, Mann-Whitney U-test). In contrast, sensitization index values in both hind paws increased significantly following formalin injection in CGRP WT mice compared with the CGRP KO mice ( Fig. 4C right panel; right, P = 0.033; left, P = 0.003, Mann-Whitney U-test). These results strongly suggest that bilateral tactile allodynia was established 6 h after the formalin injection in the WT mice but not in the CGRP KO mice. Next, we asked whether the synaptic potentiation observed in the CeC is correlated with the expression of sensitization in the hind paw because lines of evidence suggest the latent central amygdala (CeA) activation is functionally related to the expression of tactile sensitization (Carrasquillo & Gereau, 2007) . We found a significant correlation between the mean EPSC amplitude of the CeC neurons recorded in each mouse and the sensitization index of the left hind paw only in CGRP WT group but not in CGRP KO group (left in Fig. 4D ). Such significant correlation was not evident for the sensitization of the right hind paw at 6 h post-formalin despite the significantly larger sensitization index in the right hind paw ( Fig. 4C right and 4E) . These results suggest that, while formalin injection induces tactile allodynia bilaterally, the molecular mechanisms underlying the hypersensitivity in non-injured side might be different from the allodynia observed in the injured side. Exploring precise mechanisms for this ectopic hypersensitivity would be of future interests. In any of the cohorts, correlation between the EPSC amplitude and sensitization index at 6 h post-saline was not significantly correlated ( Fig. 4D and E) . These results suggest that endogenous CGRP is necessary for the full expression of the post-inflammatory synaptic and behavioral plasticity leading to exaggerated pain-related behaviors.
Discussion
The involvement of CGRP in nociceptive behaviors and plasticity is well established (Wimalawansa, 1997; Russell et al., 2014) . While the formalin test is widely used as a tonic nociceptive pain model (Tjølsen et al., 1992) , the molecular mechanisms underlying the 10) , respectively. The hatched bars show the responses of the saline-injected CGRP WT (n = 5) and KO mice (n = 5), respectively. The bars show the mean and the markers show the values from each mouse. *P < 0.05 (Mann-Whitney U-test with appropriate Bonferroni's correction). NS, not significantly different. (C) Relationship between the nociceptive behaviors 20-30 min after the formalin injection and synaptic potentiation 6 h after the injection in the CGRT WT and KO mice. Abscissa, the time spent performing nociceptive behaviors in the early second phase (see Fig. 3A, B) ; ordinate, the mean amplitude of excitatory postsynaptic currents (EPSCs) in the each mouse. No significant correlation was found between the time spent performing nociceptive behaviors in the early second phase and synaptic potentiation in formalinjected group (q = 0.323, P = 0.152, n = 21, Spearman's rank-order correlation). NS, not significantly different; CGRP, calcitonin gene-related peptide; WT, wild-type; KO, knockout. induction and/or development of pain behavior are not fully understood. In the present study, we used mice with a genetically manipulated aCGRP gene to longitudinally study formalin-induced amygdala plasticity and nociceptive behaviors. We made the following novel findings in the CGRP KO mice compared with their littermate CGRP WT mice. (i) Synaptic potentiation at the PB-CeC excitatory pathway 6 h post-inflammation was drastically attenuated in the right amygdala (Figs 1 and 2) . (ii) Formalin-induced acute The data before (pre-) and 6 h after saline injection; (B) the data after formalin injection. R, values from the right hind limb; L, from the left. The bars show the mean and the markers show the values from each mouse. **P < 0.01; ***P < 0.001; NS, not significantly different (Mann-Whitney U-test). (C) The sensitization index (the paw withdrawal threshold at pre-injection normalized by that at 6 h postinjection). Left, effects of CGRP KO on the sensitization index in saline-injected group; right, those in formalin-injected. The sensitization index in the bilateral hind paws increased significantly following the formalin injection in the CGRP WT but not significantly in KO mice. *P < 0.05 and **P < 0.01 (Mann-Whitney U-test). (D) Relationship between synaptic potentiation 6 h after the injection and the sensitization index of the left paw in the CGRT WT (left) and KO (right) mice after formalin (circles) and saline (triangles) injection. Abscissa, the mean amplitude of excitatory postsynaptic currents (EPSCs) in each mouse; ordinate, the sensitization index (see Fig. 4C ). There was a positive correlation between these two variables in the CGRP WT (formalin) mice (P = 0.003, n = 11). No significant correlation was found between synaptic potentiation 6 h after the injection and the sensitization index in both the CGRP WT (saline) mice and KO mice (CGRP WT [saline], P = 0.950, n = 5; CGRP KO [formalin], P = 0.554, n = 10, CGRP KO [saline], P = 0.517, n = 5). **P < 0.01 (Spearman's rank-order correlation). NS, not significantly different. (E) Relationship between synaptic potentiation 6 h after the injection and the sensitization index of the right paw in the CGRT WT (left) and KO (right) mice after formalin (circles) and saline (triangles) injection. No significant correlation was found between synaptic potentiation 6 h after the injection and the sensitization index in both the CGRP WT and KO mice (CGRP WT [formalin], P = 0.399, n = 11; CGRP WT [saline], P = 0.434, n = 5; CGRP KO [formalin], P = 0.839, n = 10, CGRP KO [saline], P = 0.870, n = 5, Spearman's rank-order correlation). NS, not significantly different; CGRP, calcitonin gene-related peptide; WT, wild-type; KO, knockout. nocifensive behavior was reduced only 20-25 min, but reached a level that was indistinguishable from that in WT mice by 60 min after the formalin injection ( Fig. 3) . (iii) Bilateral tactile allodynia observed 6 h after the formalin injection was significantly suppressed (Fig. 4) . These findings revealed a pivotal role of endogenous aCGRP in formalin-induced plasticity in spino-parabrachialamygdaloid networks, and suggest that aCGRP might be involved in the long-term changes in central sensitization-induced pain behaviors, potentially contributing to the exaggerated nociception-emotion linkage in pain chronification.
Amygdalar plasticity correlates with various kinds of chronic pain Bird et al., 2005; Ikeda et al., 2007; Fu et al., 2008; Ren et al., 2013) . In this study, we found that the amplitude of the eEPSCs recorded from the CeC in slices prepared 6 h after formalin injection, when acute nocifensive behavior such as licking was no longer observed, was significantly larger in the right CeC than that of mice receiving saline injection (Fig. 1) . Furthermore, the enhanced PB-CeC synaptic transmission that was observed in the formalin-injected CGRP WT mice was drastically attenuated in the formalin-injected CGRP KO mice (Fig. 1C) , demonstrating that endogenous CGRP was involved in the formalininduced synaptic plasticity in the PB-CeC. These results strongly suggest that endogenous CGRP regulates intraplantar formalin injection-induced synaptic potentiation in right PB-CeC synapses. A previous study has demonstrated that the blockade of CGRP receptors in the amygdala attenuates nociceptive behaviors and amygdalar plasticity in an arthritis pain model and that CGRP application in the amygdala facilitates synaptic transmission at PB-CeC synapses and increases CeC neuron excitability and pain behaviors in normal rats (Han et al., 2010) . These studies strongly support the notion that endogenous CGRP is the critical regulator for amygdalar plasticity in a formalin-induced inflammatory pain model in vivo.
Synaptic potentiation can be induced by postsynaptic and presynaptic mechanisms (Nicoll & Schmitz, 2005; Citri & Malenka, 2008) . In the present study, we found that the synaptic potentiation in PB-CeC pathway was accompanied with changes in PPR and CV, suggesting that the potentiation can be at least partly attributed to presynaptic changes in vesicular release probability (Fig. 2) . In a previous study, Han et al. (2010) demonstrated that exogenous application of CGRP potentiates PB-CeC EPSCs with no significant changes in PPR. Thus, one interesting possibility is that CGRP modulates synaptic transmission via different mechanisms with a different time course, such that CGRP causes postsynaptic modification when applied acutely, while presynaptic modification occurs via long-term effect. Recently, we found that exogenous application of CGRP also modulates NMDA receptor-mediated EPSCs in a PKAdependent manner (Okutsu et al., 2017) , further supporting the notion of acute CGRP effects on postsynaptic mechanisms.
Intraplantar formalin injection induces two-phase nociceptive responses in rodents (Dubuisson & Dennis, 1977; Tjølsen et al., 1992) . The acute phase (first phase) starts immediately after the formalin injection, lasts approximately 5 min, and is then followed by an intermittent period in which little nociceptive behavior is observed (interphase). Following the interphase, a tonic phase (second phase) gradually develops around 20 min to typically 60 min after the injection. The first phase probably results from peripheral inflammation with increased sensitivity of primary afferent nociceptors at the site of injury through the direct activation of transient receptor potential channels (sensory sensitization; McNamara et al., 2007; Tian et al., 2009) , whereas the second phase depends on the combination of peripheral inflammation and increased excitability of dorsal horn neurons (spinal sensitization; Tjølsen et al., 1992) . Various chemical mediators are thought to be involved in the first and/or second phase, including substance P and bradykinin in the first phase and histamine, serotonin, and prostaglandins in the second phase (Shibata et al., 1989) . Similar to previous studies, we observed a biphasic pattern of nociceptive behavior following intraplantar formalin injection (Fig. 3A) . Interestingly, only the early part of the second phase was attenuated in CGRP KO mice, but both CGRP KO and CGRP WT mice exhibited indistinguishable levels of nociceptive behavior in the later part of the second phase (Fig. 3B) . These results suggest that CGRP plays a critical role in spinal nociceptive processing as well. We did not find any significant correlation between the spinal sensitization 20 min postinjection and the synaptic transmission 6 h post-injection (Fig. 3C ). Because we used conventional knockout mice with global lack of CGRP in the present study, it is impossible to dissociate the site of action and potential interaction in the molecular mechanisms and pathways involved in the CGPR-mediated spinal pain processing and the amygdala synaptic potentiation. Studies with region-specific conditional knockout mice would be an interesting future study to dissect out these problems. CGRP is released in the lumbar spinal cord following noxious stimulation or peripheral inflammation (Morton & Hutchison, 1989; Schaible et al., 1994; Galeazza et al., 1995) . Thus, one possible explanation for the attenuated latent nociceptive responses in the CGRP KO mice is that formalin injection triggers the endogenous CGRP release, which contributes to the spinal sensitization during the second phase. Another possibility is that endogenously released CGRP may suppress unknown factors that inhibit the transition from the interphase to the second phase in CGRP WT mice. Therefore, CGRP KO mice exhibited a prolonged interphase due to the absence of such suppression. Our results were partially consistent with those of a previous report on the effects of intraplantar formalin injection-related pain responses in CGRP KO mice (Salmon et al., 2001) . Like our study, they showed a decrease in formalin-induced nocifensive behavior in CGRP KO mice in the second phase. However, they reported that pain behavior was also reduced in the first phase. This difference might be attributable to the different mouse strains and/or gene knockout strategies used to generate the CGRP KO mice or to differences in the formalin concentrations (2% in their report and 5% in this study). The inflammatory mediators involved in formalin-induced nocifensive behaviors may vary according to formalin concentration. Thus, a plausible explanation for the present observation is that endogenous CGRP is specifically involved in nocifensive behaviors in the early second phase but not in the first phase following the administration of 5% formalin solution. Further studies are necessary to clarify the molecular events underlying the regulation of the acute and tonic phases of inflammation-induced pain behaviors.
In addition to spontaneous nocifensive behavioral responses, formalin injection into paw produces latent long-lasting tactile hypersensitivity (Fu et al., 2000 (Fu et al., , 2001 Vierck et al., 2008) . In the present study, tactile hypersensitivity was significantly reduced 6 h after the formalin injection in the CGRP KO mice, and these results were similar to those of a previous study that reported decreased latencies of paw withdrawal to heat stimulation 24-72 h after subcutaneous injection of complete Freund's adjuvant in CGRP KO mice (Ishida et al., 2014) . Intriguingly, this hypersensitivity occurs not only in the injected paw but also at sites distant from the injection site, including the tail (Wiertelak et al., 1994) and undamaged tissue surrounding the injection site (Nozaki-Taguchi & Yaksh, 1998) , and in uninjected paw (Carrasquillo & Gereau, 2007; Vierck et al., 2008; Ambriz-Tututi et al., 2009 ), suggesting the involvement of a central mechanism. In the present study, we also observed latent hypersensitivity in the left-injected hind paw as well as in the right-uninjected hind paw 6 h after the formalin injection (Fig. 4B  left) . Furthermore, we found that this bilateral tactile allodynia was almost completely diminished in the CGRP KO mice (Fig. 4B  right) . Injection of formalin into the hind paw causes sensitization of dorsal horn neurons and activates c-Fos expression and extracellular signal-regulated kinase (ERK) phosphorylation in the spinal cord, which are critical for central sensitization (Presley et al., 1990; Tjølsen et al., 1992; Ji et al., 1999) . However, the latent long-lasting hypersensitivity may not be solely attributable to inflammationinduced central sensitization of the dorsal horn because the time courses of both c-Fos expression and pERK increases in the dorsal horn are much faster than the onset of the latent hypersensitivity (Ji et al., 1999; Gao & Ji, 2009; Hunter et al., 2015) . Furthermore, formalin-induced hyperalgesia has been reported to be mediated by the ERK signaling cascade in the CeC (Carrasquillo & Gereau, 2007) . Importantly, they showed that ERK inhibition in the CeC decreases formalin-induced hyperalgesia, while ERK activation in the CeC produces mechanical hyperalgesia in naive animals even without actual peripheral inflammation (Carrasquillo & Gereau, 2007) . In addition, CGRP-induced neuronal plasticity and pain-related behavior, such as vocalizations and spinal reflexes, depend on the activation of PKA, and not protein kinase C, in the CeC (Han et al., , 2010 . Therefore, together with the results of previous reports showing that the PB terminal projections to the CeC contain CGRP and that CeC neurons express the CGRP receptor (Oliver et al., 1998; Dong et al., 2010; Han et al., 2015) , the results of the present study suggest that endogenous CGRP plays a critical role in inducing plastic changes in the CeC via ERK and/or PKA activation, which may be involved in the development of persistent tactile hypersensitivity through descending pain pathways (Basbaum & Fields, 1984; Morgan et al., 2008) .
It remains undetermined how hypersensitivity is regulated in uninjured sites (Fig. 4C-E) . The CeA is well situated to be critically involved in both ascending and descending pain pathways, including the periaqueductal gray matter (PAG) and rostroventromedial medulla (Tracey & Mantyh, 2007; Neugebauer et al., 2009) . Although little attention has been paid to the facilitatory effects of the descending pathway compared with the inhibitory effects, electrical stimulation of the rostroventromedial medulla can inhibit and/ or facilitate pain behavior depending on the stimulation frequency (Zhuo & Gebhart, 1992 , 1997 . Furthermore, the neural transmission of the CeA-PAG pathway is enhanced by stress (Adamec et al., 2001) . Therefore, one intriguing possibility is that CGRP modulates the synaptic potentiation in the CeA, which may contribute to an exaggerated nociception-emotion link, such that animals are more susceptible to exhibiting hyperalgesia and enhanced anxiety during persistent pain, through the descending pain pathways. Thus, the CeA does not necessarily have a major role in the acute nociception state at the basal level per se, but rather in the chronic pain state (Veinante et al., 2013) . This view is further supported by the results of the present study and other studies that showed that salineinjected CGRP KO mice did not exhibit any differences in hypersensitivity and synaptic potentiation compared with saline-injected CGRP WT mice (Figs 1 and 4A) .
CGRP has now been established as a key molecule in migraine, such that CGRP antagonists are emerging as a new generation of migraine treatment drugs (Russo, 2015; Schuster & Rapoport, 2016) . However, there are still many unanswered questions. The results of the present study further support a role of CGRP in the pain system.
